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A B S T R A C T
Bimetallic Pd–Pt and Pd–Au samples supported on sulfated zirconia were successfully tested for the
direct synthesis of hydrogen peroxide under very mild conditions (1 bar and 293 K) and outside the
explosion range. The effect of the addition of Pt to Pd in enhancing the yield of hydrogen peroxide is
sensitive to the Pt amount: only using a low Pt content it is possible to improve H2O2 selectivity (from
55% to 70%) and productivity with respect to the monometallic sample. The addition of gold in 1:1
amount to palladium improved both the productivity and even more the selectivity of the process,
producing a hydrogen peroxide concentration already useful for industrial applications andmaintaining
a stable selectivity (62%) after 12 h of time on stream.
 2009 Elsevier B.V. All rights reserved.
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Hydrogen peroxide is a clean and excellent oxidizing reagent for
the production of both ﬁne and bulk chemicals, that ﬁnds
applications also in the area of wastewater treatment and paper
and pulp bleaching [1] although in these processes the cost of H2O2
may often be a limiting economic factor. Over 95% of the world’s
hydrogen peroxide is currently produced by the sequential
hydrogenation and oxidation of an alkyl anthraquinone, a process
essentially unchanged since the 1940s (AO process). This
technology employs multiple unit operations, it generates con-
siderable waste and requires signiﬁcant energy input, lowering the
sustainability of the process and raising the production costs. For
hydrogen peroxide to successfully break into newmarkets, like e.g.
commodity chemicals, the production should become cheaper. A
distributed production based on on-site small scale plants would
be a possible answer cutting transport costs. However the current
AO process cannot be downsized for technical and economic* Corresponding author at: Dipartimento di Chimica, Universita` di Venezia,
Dorsoduro 2137, 30123 Venezia, Italy. Tel.: +39 041 234 8931;
fax: +39 041 234 8517.
E-mail address: strukul@unive.it (G. Strukul).
0926-860X/$ – see front matter  2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2009.02.010reasons. The direct synthesis of H2O2 from H2 and O2 is a possible
way towards small scale plants thatmay potentially half the cost of
hydrogen peroxide with respect to the commercial process [2].
Clearly, the contact between H2 and O2 is a signiﬁcant safety
hazard and, at present, no commercial processes have been
developed despite several patents [3–9] and recent literature [10–
15]. In addition anothermajor problem associatedwith the process
is the generally low H2O2 selectivity. Hydrogen peroxide is
unstable with respect to both hydrogenation and radical decom-
position, and the most thermodynamically favored reaction
between hydrogen and oxygen is, by far, water formation (Fig. 1).
So far Pd has qualiﬁed as the best catalytic material
[10,11,14,16–19]. However, it is well known that alloying or
combining twometals can lead to materials with speciﬁc chemical
properties due to an interplay of ‘‘ensemble’’ and ‘‘electronic’’
effects [20], and that a bimetallic surface can exhibit catalytic
properties that are very different from those of the surfaces of the
individual metals. It has also been demonstrated that the
combination of Pd with Au [21–23], Ir [24], Ag [25], and Pt
[21,25–27] can improve both the productivity and the selectivity of
the process.
We have already shown [14] that sulfated zirconia is an
excellent support for Pd-based catalysts for H2O2 direct synthesis,
performing better than plain zirconia. It also allows to avoid the
Fig. 1. Reactions involved in the direct production of H2O2.
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catalytic system.
In the present work we report a detailed investigation on the
inﬂuence of the presence and content of a secondmetal (Pt and Au)
on H2O2 synthesis by preparing a series of sulfated zirconia
supported bimetallic samples with various metal amounts and
testing their performance under very mild conditions (1 bar and
293 K), outside the explosion range.
2. Experimental
2.1. Materials
ZrOCl2 (Fluka) and (NH4)2SO4 (Merck), were used as received
for sample synthesis. All kinetic tests were performed in
anhydrous methanol (SeccoSolv, Merck [H2O] < 0.005%). Com-
mercial standard solutions of Na2S2O3 (Fixanal [0.01], Hydranal-
solvent E, and Hydranal-titrant 2E, all from Riedel-de Haen) were
used for iodometric and Karl–Fischer titrations.
2.2. Catalyst preparation
Sulfated zirconia was prepared by precipitation from ZrOCl2 at
pH = 10, aged under reﬂux conditions for 20 h [28,29], washed free
from chloride (AgNO3 test) and dried at 383 K overnight. This
material was impregnated by incipient wetness method with
ammonium sulfate, in amounts necessary to yield a nominal anion
loading of 8% by weight. Impregnated supports were then calcined
in ﬂowing air (30 ml/min) at 923 K for 4 h. Metals were deposited
on sulfated zirconia by incipient wetness (co)impregnation of
H2PdCl4 and/or H2PtCl6, HAuCl4 aqueous solutions in different
amounts. Samples were ﬁnally calcined at 773 K in ﬂowing air
(30 ml/min) for 3 h.
2.3. Methods
Surface areas and pore size distributionswere obtained fromN2
adsorption/desorption isotherms at 77 K (using a Micromeritics
ASAP 2000 analyser). Calcined samples (300 mg) were pretreated
at 573 K for 2 h under vacuum. Surface area was calculated from
the N2 adsorption isotherm by the BET equation, and pore size
distribution was determined by the BJH method [30]. Total pore
volume was taken at p/p0 = 0.99. The amount of sulfate was
determined by ion chromatography (IEC) after dissolution of the
materials [31]. All sulfate concentrations were calculated as the
average of two independent sample analyses, and each analysis
included two chromatographic determinations.
Actual metal loading was determined by atomic absorption
spectroscopy after microwave disgregation of the samples
(100 mg). The differences between loaded and foundmetal content
were always within 5%.
TPR experiments were carried out in a home-made equipment:
samples (100 mg) were heated with a 10 K/min ramp from 298 to
1500 K in a 5% H2/Ar reducing mixture (40 ml/min STP).CO chemisorption measurements were performed at 298 K
using a home-made pulse ﬂow system. Prior to measurements,
samples were subjected to a pretreatment involving exposure to
hydrogen ﬂow for 1 h at 298 K, followed by He purge for 2 h at the
same temperature of reduction.
X-ray powder diffraction (XRD) patterns were measured by a
Bruker D8 Advance diffractometer equippedwith a Si(Li) solid state
detector (SOL-X) and a sealed tube providing Cu K( radiation.
Measuringconditionswere40 kV 40 mA.Aperturesofdivergence,
receiving and detector slits were 18, 18, and 0.38 respectively. Data
scanswereperformed in the2u range20–808with0.028 stepsizeand
counting times of 10 s/step. The normalized Reference Intensity
Ratio (RIR) method and the Rietveld reﬁnement, as respectively
implemented in the Bruker EVA and TOPAS programs, were used to
obtain thequantitativephaseanalysis and the crystal sizeof zirconia
polymorphs and metals in the samples.
2.4. H2O2 synthesis
Catalytic tests were carried out at atmospheric pressure in a
293-K thermostatted glass reactor according to a previously
described procedure [14,23]. Mixing was carried out with a
Teﬂon1-made rotor operating at 1000 rpm. Oxygen and hydrogen
were bubbled by a gas diffuser directly into the liquid phase with a
total ﬂow of 50 ml/min. A gas mixture with the following
composition was used: H2:O2 4:96 (nonexplosive and lower limit
for nonﬂammable mixture) [32].
The reaction mediumwas 100 ml of a 0.03-MH2SO4 methanolic
solution andwas pre-saturatedwith the gasmixture before catalyst
(135mg) introduction. An activation process giving rise to a surface
oxidized Pd particle was used: samples were pretreated in situ ﬁrst
byH2 (15 min, 30 ml/min) and then byO2 (15 min, 30 ml/min) ﬂow.
During catalytic tests small aliquots of the liquid phase were
sampled through a septum and used for water and hydrogen
peroxide determination. H2O2 concentration was measured by
iodometric titration, whereas water was determined by volumetric
Karl–Fischer method. The water content in the reaction medium
before catalyst addition was determined prior to each catalytic
experiment. H2O2 selectivity at time t was determined as follows:
SH2O2 ¼
H2O2½ 
H2O2½  þ H2O½ 
Independent tests for hydrogen peroxide decomposition were
carried out by placing the catalysts in contact with a slighly
concentrated H2O2 solution (60 mM) in the same reactor used for
synthesis, and replacing either H2 or O2 by N2, where appropriate.
A simple model was used to ﬁt the kinetic data and ﬁnd the
apparent kinetic constants of the four reactions involved in the
catalytic process:
H2 þ O2!k1 H2O2
H2 þ 12O2!
k2
H2O
H2O2 þH2!k3 2H2O
H2O2!k4 H2Oþ 12 O2
dcH2
dt
¼ k1caH2cbO2  k2ccH2cdO2  k3cH2O2ceH2
dcO2
dt
¼ k1caH2cbO2  k2ccH2cdO2
dcH2O2
dt
¼ k1caH2cbO2  k3cH2O2ceH2
dcH2O
dt
¼ k2ccH2cdO2 þ 2 k3cH2O2ceH2
Fig. 2. N2 physisorption isotherms of calcined support and (insert) its BJH pore size
distribution.
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indicate that H2O2 is stable in contact with the catalyst in the
absence ofH2. On the contrary, there is a clear indication thatH2O2 is
poorly stable in presence of H2 only. Hence it can be concluded that
the most likely decomposition mechanism under our mild experi-
mental conditions is H2O2 reduction caused by H2, while H2O2
dismutation isnegligible. Therefore, asalreadydiscussed [23,33],we
accountedonly forH2O2 decompositionbyH2 reduction,whileH2O2
disproportionation reaction was not considered. In the system of
differential equations coming frommass balance the concentrations
of H2 and O2 into the liquid phase can be considered constant, since
these reagents are continuously fed into the semi-batch reactor
[14,23]. Their concentrations can be incorporated into the kinetic
constants kn to give apparent kinetic constants k
0
n, and the resulting
system of differential equations can be solved for the H2O2 and H2O
concentrations to give:
cH2O2  c0H2O2 ¼
k01
k03
ð1 ek03 tÞ and
cH2O  c0H2O ¼ ðk
0
2 þ 2 k01 þ 2 k03c0H2O2Þ  t  2
k01
k03
ð1 ek03 tÞ
Catalytic tests data ﬁtting was carried out with a computer
program (OriginLab OriginPro7.51), equippedwith a special ﬁtting
tool (based on the Levenberg–Marquardt (LM) algorithm) per-
forming non-linear regression analysis.
3. Results and discussion
3.1. Sulfated zirconia
Zirconia sulfation [34] has been the subject of extensive
research due to its characteristics. In fact, it causes not only
modiﬁcations of the acid properties of the material, but it affects
also surface features, since sulfates retard crystallization, stabilize
ZrO2 tetragonal phase and improve the surface area and the pore
size. These properties make sulfated zirconia interesting both as
catalyst and as catalyst support. In the present work sulfated
zirconia was used as support and was characterized by N2
physisorption and sulfur content measurements. The use of a
mesoporous material is very important in this investigation, since
the presence of micropores could bear mass transfer problems,
while a low surface area would not allow a good dispersion of the
active phase. The N2 physisorption analysis of the support after
calcination (reported in Fig. 2) shows a type IV isotherm with a
hysteresis loop typical ofmesoporousmaterials. Surface area of the
calcinedmaterial is about 142 m2/g and themean pore size around
9.8 nm, similarly to previous works [35].
Since H2O2 is more stable under acidic conditions, a strongly
acidic catalyst support can prove useful, in principle, for the direct
synthesis of H2O2. We have already demonstrated [14,23] that
sulfated zirconia is an excellent support for this reaction with Pd-
based catalysts, performing better than plain zirconia. In the
presentwork the supportwas impregnated before calcinationwith
amounts necessary to yield 8% wt anion loading. In calcined
(923 K) sulfated zirconia samples the ﬁnal amount of sulfates is
about 4% wt, a typical value for these catalysts [35].Table 1
Pd loading on ﬁnal Pd–Pt catalysts, chemisorption values and productivity after 5 h of
Sample % Pd (wt%) % Pt (wt%) mlCO273K =gMe
Pd 1.3 – 44
Pd0.1Pt 1.3 0.1 45
Pd0.2Pt 1.3 0.2 49
Pd1.2Pt 1.3 1.2 143.2. Pd–Pt bimetallic catalysts
Some papers [26,27,36–38] about Pd–Pt bimetallic systems
have found that an optimum Pt concentration is required for
achieving high H2O2 yields. Besides, some of us have recently
studied the synthesis of H2O2 on Pd–Pt catalytic membranes
[25,33] and found that with carbon-coated membranes, both
productivity and selectivity increased with an optimum Pd/Pt
molar ratio = 18 with respect to pure Pd. In this work we have
prepared three bimetallic Pd–Pt samples with different platinum
amounts and the same Pd content (1.3%). Two catalysts have a Pd/
Pt molar ratio of 20 (Pd0.1Pt) and 10 (Pd0.2Pt) respectively (the
notation refers to the wt% of Pt), close to that already indicated as
optimum in several patents [26,27,36–38], while a third sample
(Pd1.2Pt) has a much lower Pd/Pt molar ratio (2.0).
Metal dispersion, namely the ratio between surface and total
metal atoms, is a critical factor for several catalytic reactions and
generally has to be as high as possible. In this workwe have chosen
to performpulse ﬂowCO chemisorptionmeasurements [39–41] on
mildly reduced catalysts, in order to mimick the same reductive
pretreatment of the catalytic reaction and determine in such a way
the amount of active sites that are actually present during the
reaction. The chemisorption results, reported in Table 1, show that
CO adsorbed in bimetallic Pd0.1Pt and Pd0.2Pt catalysts is very
similar and higher than the monometallic sample or the sample
with the higher Pt concentration (Pd1.2Pt) indicating that in the
latter samples the total adsorbing sites are less abundant andmetal
dispersion is lower.
After metal deposition and calcination, a TPR analysis was
performed in order to investigate the metal oxidation state and in
the case of bimetallic samples identify possible interactions
between palladium and platinum. Fig. 3 shows the TPR analyses
for Pd–Pt catalysts over sulfated zirconia. The TPR proﬁle of the
support, not reported for sake of simplicity, shows only a peak at
about 920 K due to sulfate reduction mainly to SO2 and in part to
H2S [23]. The same peak becomes broad and shifted to lowerreaction.
Productivity mmolH2O2=gPdh Productivity mmolH2O2=gmetalh
915 915
1168 1083
1236 1046
937 480
Fig. 3. TPR patterns of Pd–Pt bimetallic samples.
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Mass spectroscopy shows that it is almost completely due to H2S
evolution, meaning that the presence of the noble metals catalyzes
sulfate reduction. In addition to the peak ascribed to sulfate
reduction, the TPR proﬁles of the catalysts show a negative peak
at about 340 K, which corresponds to hydrogen evolution, as
identiﬁed by mass spectrometry. It must be remembered that the
TPR testing set up requires the reducing mixture pass through the
samples to be analyzed to clean the apparatus, prior to starting the
temperature ramp. This procedure can cause PdO reduction
already at room temperature. If the Pd metal particles are large
enough, they can lead to the formation of Pd b-hydride [42,43],
which decomposes at about 340 K. A broad peak at 370 K,
reasonably due to PdO species, is present in the TPR proﬁles of
the two bimetallic samples with low Pt content and is similar both
in shape and in position to that of the Pd sample. This is important
from a catalytic point of view, since we have recently suggested
[14,23] that surface oxidized Pd0 catalysts perform better than Pd0
or completely oxidized palladium. No peaks that could be assigned
to Pt reduction have been noticed in Pd0.1Pt and Pd0.2Pt samples,
probably because of the low platinum content. On the contrary the
TPR proﬁle of the bimetallic Pd1.2Pt catalyst shows two broad
peaks at 410 and 450 K, indicating Pt reduction and presence of
platinum oxychlorides.
Fig. 4 shows the comparison of XRD patterns for the Pd–Pt
bimetallic and the single Pd monometallic catalysts. The 2u
positions of the Pd and Pt characteristic lines are also shown in the
expanded 2u region. The pattern of monometallic sample shows aFig. 4. XRD patterns of Pd–Pt bimetallic samples.weak and poorly deﬁned feature of scattered intensity above the
background at 2u  40.18, the position of the most intense peak of
Pd. It is worth noting that such a weak intensity is nevertheless
consistent with the nominal amount of Pd added, as conﬁrmed by
both RIR and Rietveld methods. The broad scattered intensity
which can be ascribed to Pd particles or clusters almost disappears
in the XRD pattern of the two bimetallic catalystwith lowplatinum
amount, suggesting that Pd dispersion increases after Pt addition.
On the contrary, in the Pd1.2Pt pattern awell deﬁned and relatively
narrow peak is evident at 2u = 39.978 which can be associated to
the occurrence of an alloy between platinum and palladium. This is
further conﬁrmed by the reﬁned cell parameter, a = 3.9066 A˚, in
excellent agreement to what previously reported for (Pd0.5Pt0.5).
The crystal size of Pd in the monometallic sample is estimated
below 2 nmwhile the larger size of about 16 nm, as obtained from
the Rietveld ﬁt of the PdPt alloy in the bimetallic sample, is in
perfect agreement with the chemisorption results.
Fig. 5 reports the comparison of the catalytic performance in
H2O2 formation between the Pd and Pd–Pt bimetallic samples. All
catalytic tests were carried out in methanol, the best solvent
according to previous work [14] and also the solvent of many
oxidation reactions involving H2O2. Tests were carried out under
very mild conditions (1 bar and 293 K) and outside the explosive
regime. All samples have been pretreated before activity tests in
order to obtain a surface oxidized Pd0 catalyst: samples were
reduced in situ by passing a pure hydrogen ﬂow into the reaction
medium, leading to a completely reduced catalyst. Then, pure
oxygen was fed. Excess oxygen was then removed by passing pure
nitrogen. The undiluted hydrogen/oxygen mixture used for
catalytic tests allows to maintain the sample surface oxidized
[14,23]. As expected, the monometallic palladium sample shows a
linear increase in hydrogen peroxide and a constant selectivity
during the reaction (Fig. 5). All three bimetallic Pd–Pt catalysts
display higher hydrogen peroxide production, the best ones being
Pd0.1Pt and Pd0.2Pt with almost superimposable proﬁles, while
Pd1.2Pt lies above the monometallic Pd sample. In Table 1 the
values of productivity calculated after 5 h of time on stream are
collected: with respect to the monometallic Pd sample, produc-
tivity increases for the Pd0.1Pt and Pd0.2Pt catalysts (from 915 to
1083 1046molH2O2=gmetal h), while it is signiﬁcantly lowered for
the sample with the higher platinum amount (from 915 to
480molH2O2=gmetal h).
After 2 h of reaction the selectivities of Pd0.1Pt and Pd0.2Pt are
very high, 68% and 70% respectively, as reported in Fig. 5. These
values are remarkable [14,23] and are higher than the value
obtained with the monometallic Pd sample (55%) throughout the
experiment, but they are not constant. Again, addition of larger
platinum amount is detrimental for hydrogen peroxide selectivity,
which is ﬁrmly below the value of the monometallic Pd catalyst.Fig. 5. H2O2 production and selectivity with Pd (~), Pd0.1Pt (~), Pd0.2Pt (&),
Pd1.2Pt (&) catalysts.
Table 2
Kinetic constants for samples tested after the reductive–oxidative pretreatment.
Sample k01
(104 mol l1 min1)
k02
(104 mol l1 min1)
k03
(103 min1)
Pd 3.3 1.6 1.7
Pd0.1Pt 4.2 0.4 1.6
Pd0.2Pt 4.1 0.3 1.4
Pd1.2Pt 4.4 0.3 2.9
Pd0.2Au 3.5 1.7 1.8
Pd1.2Au 4.2 0.3 2.5
Pd2Au 4.2 0.4 2.6
Fig. 6. XRD patterns of Pd and Pd1.2Au catalysts.
Fig. 7. H2O2 production and selectivity with Pd (~), Pd0.2Au (*), Pd1.2Au (*),
Pd2Au ($) catalysts.
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the kinetic constants as indicated in Section 2 [14,23]. The values
are collected in Table 2 and conﬁrm that low Pt bimetallic catalysts
have higher k01 and lower k
0
2 than the Pd only sample, explaining
respectively their higher productivity and selectivity. On the
contrary, the Pd1.2Pt sample shows a much higher constant for
H2O2 hydrogenation (k
0
3), giving rise to low selectivity.
In summary, a comparison between the results of the bimetallic
PdPt samples and the monometallic Pd catalyst reveals that the
effect of the addition of Pt to Pd in enhancing the yield of hydrogen
peroxide is sensitive to Pt amount. The addition of a low Pt content
to a Pd sample allows to improve both H2O2 selectivity and
productivity with respect to the monometallic catalyst.
Platinum metal in this reaction is known to be active, albeit
much less than Pd, but poorly selective towards hydrogen peroxide
formation. This implies that the residual reactivity of pure Pt in
addition to Pd reactivity is virtually negligible at such low amounts
of Pt, as is evidenced by the observation that the performance
of the bimetallic catalysts is better (and not worse) than the
monometallic one. The positive effect of Pt addition on the activity
has been assigned to a Pd particle morphology change (evidenced
even in the present case) and also to a stabilization of the oxidized
Pd surface [33]. On the other hand, the higher selectivity in H2O2
formation requires non-dissociative chemisorption of oxygen on
the catalyst surface that is favored on low energy sites and by an
electron rich Pd surface. In this respect close contact with a more
‘‘noble’’ metal such as Pt would result in a sort of ligand effect
increasing the electronegativity of Pd and justifying the better
selectivity.
3.3. Pd–Au bimetallic catalysts
Wehave recently reported [23] that gold by itself is not active in
H2O2 direct synthesis at room temperature and atmospheric
pressure. On the contrary, the addition of Au to a Pd-based catalyst
decreases Pd particle size increasing productivity, while at the
same time increasing selectivity maintaining a high proportion
of low energy sites [23]. In order to further improve H2O2
productivity and selectivity, the present work was undertaken
to investigate the effect of the amount of gold in three bimetallic
Pd–Au samples with different gold amount and the same Pd
content. Similarly to Pd–Pt samples, we have chosen to synthesize
a catalyst with a very low gold content (Pd0.2Au), another sample
with a Pd/Au 1/1 ratio based on weight (Pd1.2Au) and a third
sample with a higher gold amount (Pd2Au). Data reported in
Table 3.Table 3
Metal loading on ﬁnal Pd–Au catalysts, chemisorption values and productivity after 5
Sample % Pd (wt%) % Pd found (wt%) % Au (wt%)
Pd0.2Au 1.3 1.28 0.2
Pd1.2Au 1.3 1.22 1.2
Pd2Au 1.3 1.29 2Also for bimetallic palladium–gold samples we have performed
pulse ﬂow CO chemisorption measurements [40], in order to
determine the amount of active sites that are present during
the reaction. We have previously proved [44,45] that under the
experimental conditions used gold does not chemisorb CO. In the
absence of any information about a possible inﬂuence of Au on Pd/
CO chemisorption stoichiometry in bimetallic samples, only the
experimental CO/Pd values have been reported in Table 3 [46]. No
evident role on Pd dispersion seems to be played by low gold
amount: the catalyst Pd0.2Au, unlike Pd0.2Pt sample, presents the
same CO chemisorption capacity as the monometallic Pd sample.
On the contrary, the addition of higher gold amounts (Pd1.2Au and
Pd2Au catalysts) shows an increase of even 50% with respect to
monometallic Pd sample. These chemisorption data conﬁrm our
previous ﬁndings on Au addition to a Pd catalyst decreasing Pd
particle size [23].
Fig. 6 reports XRD patterns of Pd1.2 Au and Pd samples, the
2u positions corresponding to characteristic lines for Pd and Au
being indicated. In the pattern of the monometallic sample the
peak at 2u  40.18 is clearly detectable. Such main Pd peak
disappears in the XRD pattern of the bimetallic catalyst,h of reaction.
% Au found (wt%) mlCO273K =gPd Productivity mmolH2O2=gPdh
0.16 42 946
0.92 61 1190
1.94 56 1054
Fig. 8. Test of reusability: H2O2 productivity and selectivity after 3 h of reaction with Pd1.2Au catalyst.
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Besides in the Pd1.2Au diffractogram a narrow peak ascribed
to pure Au is evident, showing that gold particles in this sample
are large (44 nm as estimated by the Rietveld proﬁle ﬁt). The
reﬁned unit cell parameter for gold, a = 4.024 A˚, is appreciably
shorter than what reported for pure gold (a = 4.06–4.07 A˚). This
can be due to the incorporation of smaller Pd atoms in the Au
lattice or the formation of an alloy between gold and palladium
in this sample.
The comparison of the catalytic performance in H2O2 formation
between the pure Pd and Pd–Au bimetallic samples supported on
sulfated zirconia are reported in Fig. 7. All catalytic tests were
carried out in methanol, under very mild conditions (1 bar and
293 K) on surface oxidized Pd0 catalysts [23]. The proﬁles of the
H2O2 concentration for Pd and Pd0.2Au catalysts, i.e. the two
samples with the same dispersion, are almost superimposable,
pointing out the close connection between catalytic activity and
palladium particle size. Selectivities for these catalysts are also
very similar, as shown in Fig. 7. We can therefore conclude that,
unlike Pt addition, loading a low gold amount is not signiﬁcant at
all. Conversely, both bimetallic Pd1.2Au and Pd2Au samples show
a higher hydrogen peroxide production (Fig. 7), although in terms
of productivity (Table 2) the best sample is Pd1.2Au, i.e. the catalyst
with a 1/1 Pd/Au ratio, as the result of the best the H2O2 selectivity
(62%) that is constant over the 5 h catalytic test. Even in these
samples there is a close connection between H2O2 yield and Pd
dispersion. Nevertheless, as previously demonstrated [23], we
think that the role of gold in the catalytic reaction is a complex one,
improving the performance of Pd particles changing their size,
morphology and electron density and making themmore suited to
the reaction requirements.Fig. 9. Catalytic activity for 12 h of reaction with Pd1.2Au catalyst.Table 2 reports the values calculated for the kinetic constants
related to the reaction network indicated in Fig. 1. It is interesting
to notice that: (i) as expected, the kinetic constants of the Pd0.2Au
sample are the same as those of themonometallic Pd sample; (ii) in
both Pd1.2Au and Pd2Au catalysts k01 is higher than in the
monometallic Pd sample explaining the improvement in catalytic
performance; (iii) k02, the constant associated with direct water
formation, decreases remarkably for both Pd1.2Au and Pd2Au
samples, explaining the increase in selectivity with respect to the
monometallic Pd catalyst.
The Pd1.2Au catalyst, our best sample according to the above
results, was tested for stability and reusability. First of all, a sample
already used in a previous reaction, after ﬁltration and drying was
recycled in a second run. As shown in Fig. 8, both productivity and
selectivity remained unchanged. Additionally the same catalystwas
checked inaday long test (12 h timeonstream).As reported inFig. 9,
H2O2 production increases linearly over the whole duration of the
test while selectivity remains stable. The result is very promising,
since at the end of the test a hydrogen peroxide concentration of
almost 0.8 wt% was obtained. Such H2O2 concentration, that can be
already useful for some industrial applications, has been obtained
working undermild and safe conditions, i.e. at room temperature, at
atmospheric pressure, and outside the explosive region.
4. Conclusions
Bimetallic Pd–Au and Pd–Pt samples supported on sulfated
zirconiaweresuccessfully tested for thedirect synthesis ofhydrogen
peroxide under very mild conditions (1 bar and 293 K) and outside
the explosion range. The effect of the addition of Pt to Pd in
enhancing the yield of hydrogen peroxide is sensitive to Pt amount:
only using a low Pt content it is possible to improve H2O2
productivity and selectivity with respect to the monometallic
sample, reachinga selectivityof 70%.On the other hand, the addition
of gold in a relatively high amount (1/1 wt) to the monometallic
palladium sample improved the productivity and the selectivity of
the process, producing a hydrogen peroxide concentration already
useful for industrial applications and maintaining a stable activity
and selectivity even after 12 h of time on stream.
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